A zero-cross detection algorithm was proposed for the cavity-length interrogation of fiber-optic Fabry-Perot (FP) sensors. The method can avoid the inaccuracy of peak determination in the conventional peak-to-peak method for the cavity-length interrogation of fiber-optic FP sensors caused by the slow variation of the spectral power density in peak neighboring regions. Both simulations and experiments were carried out to investigate the feasibility and performance of the zero-cross detection algorithm. Fiber-optic FP sensors with cavity lengths in the range of 150-1000 µm were successfully interrogated with a maximum error of 0.083 µm.
Introduction
Fiber-optic sensors, utilizing the modulation effect of external parameters on light intensity, phase, frequency, or polarization to achieve the sensing of various different quantities, have found broad applications in industrial, research, and defense areas because of their advantages of simple structure, compact size, high resolution, chemical passivity, and electromagnetic immunity [1] [2] [3] . The fiber-optic Fabry-Perot (FP) sensor is a very important type of sensor that can be used for the measurement of many important physical parameters, such as temperature [4] [5] [6] , pressure [7, 8] , vibration [9] , strain/stress [10] , and refractive index [11, 12] .
For real applications of fiber-optic FP sensors, interrogation is one of the most important considerations. Many different methods have been proposed, which can be mainly classified as intensity demodulation and phase demodulation methods. Intensity demodulation is relatively simple and economical. However, it is considerably affected by the stability of the light source, and the measurement results commonly contain relatively large errors [13] . Spectral interrogation is most commonly used for phase demodulation. By illuminating the fiber-optic FP sensors with a wide band source, and receiving and analyzing the reflection spectrum, the cavity length can be obtained. Spectral interrogation can be further classified into the Fourier transformation method [14] [15] [16] [17] , cross-correlation method [18] [19] [20] , and peak-to-peak method [21] [22] [23] [24] .
The Fourier transform method uses a Fourier or fast Fourier transform procedure to transform the reflection spectrum from the wavelength domain to the cavity-length domain, in which the peak position is determined to be the cavity length. Although the absolute cavity length can be obtained, the resolution is usually limited by the spectral width of the light source.
The cross-correlation method involves cross-correlating the reflection spectrum with a template spectral function of a virtual FP sensor with a tunable cavity length, and determining the maximum of the cross-correlation coefficient to get the real cavity length. The method can yield the cavity length with much higher resolution than those of other methods; however, it is considerably limited by the spectral width of the light source used. If the spectral width of the light source is not wide enough, the accurate extraction of the cavity length cannot be guaranteed, and a large error, up to half of the central wavelength, may be introduced.
The peak-to-peak method locates the wavelength positions of two peaks in the reflection or transmission spectrum and uses them to calculate the cavity lengths of fiber-optic FP sensors. This method can obtain the cavity length in a relatively direct manner. However, near the peaks, especially for a low-finesse FP cavity, the signal changes relatively slowly; as a result, precisely locating the peak position is very difficult, and the cavity-length interrogation resolution is not very high. Using high-finesse FP sensors to sharpen the reflection peaks, which can reduce the difficulty of accurate peak determination, has been proposed; however, sensor fabrication in this scenario is much more complicated [23] . The algorithm can also be improved to increase the interrogation resolution; however, the improvement is very limited, especially for low-finesse FP sensors [24] .
To avoid the inaccuracy problem of the peak-to-peak method, a zero-cross detection algorithm for cavity-length interrogation of fiber-optic FP sensors was proposed. The reflection spectrum is transformed from the wavelength domain to optical frequency domain, the equi-period spectral signal is filtered by a raised-cosine function, and two different zero points are selected to obtain the period value, yielding the cavity length. The zero points have the largest slope in the nearby region, thus they can be more easily located precisely than the peak points. Both simulations and experiments were carried out to investigate the feasibility and performance of the proposed algorithm, which was demonstrated to provide a higher resolution than the conventional peak-to-peak method.
The Principle of Cavity-Length Interrogation
A fiber-optic FP sensor, whether intrinsic or extrinsic, can be commonly viewed as an optical resonator formed by two parallel reflective surfaces. Figure 1 illustrates the typical structure of a simple fiber-optic FP sensor, formed by a short capillary with two vertically cut single mode fibers (SMFs) inserted in it. The two facets of the two SMFs formed the FP cavity. Assuming the reflection ratios of the two facets are 1 R and 2 R , the material filled in the cavity has a reflection index of n , and is lossless. If the cavity length is L , for a wideband incident light with a spectral power density of    0 I , the reflected light has a spectral distribution [25] of
It can be transformed into the optical frequency domain by   / c  as Figure 1 . Typical structure of a fiber-optic Fabry-Perot FP sensor, in which L is the cavity length.
Assuming the reflection ratios of the two facets are R 1 and R 2 , the material filled in the cavity has a reflection index of n, and is lossless. If the cavity length is L, for a wideband incident light with a spectral power density of I 0 (λ), the reflected light has a spectral distribution [25] of It can be transformed into the optical frequency domain by ν = c/λ as
where ν is the optical frequency. It can be seen that, in the optical frequency domain, if the incident light has a uniform spectral power density I 0 , the reflection spectrum of the fiber-optic FP sensor is like that shown in Figure 2 , which is a periodic function of the optical frequency, where 4πnL 
where  is the optical frequency.
It can be seen that, in the optical frequency domain, if the incident light has a uniform spectral power density 0 I , the reflection spectrum of the fiber-optic FP sensor is like that shown in Figure 2 , which is a periodic function of the optical frequency, where
The m-th order peak of the power density of the reflection spectrum is given by nL c m v m 2 2
(4) In the optical frequency domain, the reflection spectrum of the fiber-optic FP sensor is an equiperiod signal, in which the period is the optical frequency difference of the two neighboring peaks; i.e.,
Thus, the cavity length can be expressed as
However, near the reflection peaks, particularly when the fiber-optic FP sensor is of the lowfinesse type, the spectral power density changes relatively slowly with optical wavelength or frequency. Furthermore, under real conditions, noise introduced by various environmental conditions cannot be avoided. As a result, the peak positions cannot be precisely determined. Thus, The m-th order peak of the power density of the reflection spectrum is given by
In the optical frequency domain, the reflection spectrum of the fiber-optic FP sensor is an equi-period signal, in which the period is the optical frequency difference of the two neighboring peaks; i.e.,
However, near the reflection peaks, particularly when the fiber-optic FP sensor is of the low-finesse type, the spectral power density changes relatively slowly with optical wavelength or frequency. Furthermore, under real conditions, noise introduced by various environmental conditions cannot be avoided. As a result, the peak positions cannot be precisely determined. Thus, obtaining the cavity length by calculating the signal period in the frequency domain through the peak positioning of the optical wavelength or frequency commonly involves a large interrogation deviation.
If the fiber-optic FP sensor is a low-finesse type, i.e., R 1 << 1, R 2 << 1, Equation (2) can be approximately given by
where, A = (R 1 + R 2 )I 0 and B = 2
The slope against the optical frequency is
It can be noticed that, near optical frequencies
the spectral power density of the reflection light has the largest slope; i.e., the signal changes the fastest in the neighboring regions. Points with the largest slope are often called Q-points. If these Q-points can be precisely determined, then
The period of the reflection spectrum in the frequency domain can be written as
Thus, the cavity length of the low-finesse fiber-optic FP sensor can be determined through Equation (6) . It should be noted that, if the fiber-optic FP sensor is not a low-finesse type, the frequencies of the Q-points will deviate from the positions given by Equation (9) or Equation (10). However, the frequency separation of any two neighboring Q-points with the same sign of the largest slope will still satisfy the condition c/(2nL) = T, thus can be used for the cavity length extraction.
From the viewpoint of Fourier analysis and signal processing, the reflection spectrum contains a constant term, and many cosine oscillating components with different frequencies. At Q-points, the spectral power density values of the reflection spectrum will all equal to the constant term. However, for different fiber-optic FP sensors, different power levels of illuminating light, or different environments, will fluctuate continuously. If the constant term can be eliminated or filtered out, the spectral power density of the reflection spectrum at these Q-points will be zero, which can be more easily positioned under versatile conditions. The Q-points after DC filtering can be called zero-points. By using the zero-cross detection method commonly used in electric signal processing [26] , the positions of two Q-points can be precisely located to extract the cavity length of fiber-optic FP sensors.
Zero-Cross Detection Algorithm
According to the reflection spectral characteristics of fiber-optic FP sensors and the theory of zero-cross detection given above, a zero-cross detection algorithm was proposed, which can avoid the positioning uncertainty in conventional peak-to-peak detection. A flow chart of the algorithm is given in Figure 3 . The main procedure of the algorithm is as follows:
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where i  is the optical frequency of the i-th sampling point of the reflection spectrum obtained by the OSA.
Next, the raised-cosine function is constructed
For the j -th point in a period, and 1  M is the number of total points in one full period of the raised-cosine function. When 1  M is equal or nearly equal to the total of sampling points of the reflection spectrum in one period, the raised-cosine filtering will reach the optimal effect. By roughly estimating the period of the reflection spectrum in the optical frequency domain and the number of sampling points in one period, the value of 1  M can be given. The raised-cosine function is considered for correlation with the reflection spectrum in the optical frequency domain as
Through the raised-cosine filtering, the constant term can be filtered out without affecting the period of the reflection spectrum in the frequency domain. First, the reflection spectrum is obtained from an optical spectrum analyzer (OSA), which is then corrected by the output spectrum of the wideband light source to eliminate the nonuniform distribution of its spectral power density. Afterwards, the corrected reflection spectrum is transformed from the wavelength domain to the optical frequency domain. Considering the charge-coupled device (CCD) array used in the OSA, the spectral data is commonly expressed in discrete form as
where ν i is the optical frequency of the i-th sampling point of the reflection spectrum obtained by the OSA. Next, the raised-cosine function is constructed
For the j-th point in a period, and M + 1 is the number of total points in one full period of the raised-cosine function. When M + 1 is equal or nearly equal to the total of sampling points of the reflection spectrum in one period, the raised-cosine filtering will reach the optimal effect. By roughly estimating the period of the reflection spectrum in the optical frequency domain and the number of sampling points in one period, the value of M + 1 can be given. The raised-cosine function is considered for correlation with the reflection spectrum in the optical frequency domain as
Through the raised-cosine filtering, the constant term can be filtered out without affecting the period of the reflection spectrum in the frequency domain.
Next, two zero points in two ascending (or descending) segments of the filtered spectral signal are located. To determine each zero point, the nearest point above zero and the nearest point below zero are found; then, these points are used to obtain the precise zero point by a linear fitting method. Assuming the nearest point above and below zero are the k-st and (k + 1)st points, respectively; their coordinates are (v(k), Y(v k )) and (v(k + 1), Y(v k+1 )), respectively. By linear fitting, the slope coefficient can be written as
Thus, we have a linear equation
From the equation, the precise frequency corresponding to the zero point is
Finally, the period is calculated, and the cavity length is extracted. Denote frequencies of the two zero points as v I and v II ; suppose the number of periods between them is N. Then, the period is calculated by
and the cavity length is extracted through Equation (6).
Numerical Simulation
The feasibility and performance of the interrogation algorithm was first investigated through a numerical simulation. An air-gap fiber-optic FP sensor with a cavity length of 100 µm was simulated, and its reflection spectrum in the wavelength range of 1524-1570 nm was calculated, as shown in Figure 4 . The considered spectral range was the same as the amplified spontaneous emission (ASE) source we used in the experiment.
Assuming the nearest point above and below zero are the k -st and ( 1  k )st points, respectively; their coordinates are
, respectively. By linear fitting, the slope coefficient can be written as
and the intercept b is
Thus, we have a linear equation b av y   (18) From the equation, the precise frequency corresponding to the zero point is
Finally, the period is calculated, and the cavity length is extracted. Denote frequencies of the two zero points as I v and II v ; suppose the number of periods between them is N . Then, the period is calculated by
The feasibility and performance of the interrogation algorithm was first investigated through a numerical simulation. An air-gap fiber-optic FP sensor with a cavity length of 100 μm was simulated, and its reflection spectrum in the wavelength range of 1524-1570 nm was calculated, as shown in Figure 4 . The considered spectral range was the same as the amplified spontaneous emission (ASE) source we used in the experiment. According to the zero-cross detection algorithm described previously, the simulated spectrum was first transformed into the optical frequency domain; then, it was filtered through the raised-cosine filtering method. The spectral signal after filtering was in oscillating form without the constant term. All the zero-cross points in the considered range were located by linear fitting using the positive and negative points nearest to zero in the filtered spectral signal, as shown in Figure 5 . In the figure, the fitted zero points, and the nearest positive and negative points are all denoted.
According to the zero-cross detection algorithm described previously, the simulated spectrum was first transformed into the optical frequency domain; then, it was filtered through the raisedcosine filtering method. The spectral signal after filtering was in oscillating form without the constant term. All the zero-cross points in the considered range were located by linear fitting using the positive and negative points nearest to zero in the filtered spectral signal, as shown in Figure 5 . In the figure, the fitted zero points, and the nearest positive and negative points are all denoted. The frequencies of the three zero points A0, A1, and A2 were 192.3711548 THz, 193.8711248 THz, and 195.3711248 THz, respectively. When A0 and A1 in two neighboring ascending segments of the filtered spectral signal were selected, the period T of the spectral signal in the optical frequency domain was calculated to be 1.49997 THz. According to Equation 6 , the cavity length was calculated to be 100.002 μm, which deviated from the standard value of 0.002 μm, with a relative error of approximately 0.002%. When using the first and last zero-points A0 and A2, to calculate the cavity length, two full periods can be covered; the calculated cavity length was 100.001 μm, which deviated from the standard value of 0.001 μm. Evidently, when N periods can be covered, the cavity length's calculating error can be further reduced about N times. Therefore, in real cavity length interrogation through the zero-cross detection algorithm, it is better to directly position the first and last zero points for the calculation.
The cavity lengths for different noise levels were also determined, as shown in Figure 6 . The simulated interrogation results for the 100 μm FP cavity under different noise levels were also obtained, which are shown in Figure 6 . It can be seen that, when the signal-to-noise ratio (SNR) is 30 dB, the error is approximately 0.001 μm. Even when the SNR reached a level of 10 dB, the error was not larger than 0.043 μm. Thus, the method has a good resistance to noise. The frequencies of the three zero points A 0 , A 1 , and A 2 were 192.3711548 THz, 193.8711248 THz, and 195.3711248 THz, respectively. When A 0 and A 1 in two neighboring ascending segments of the filtered spectral signal were selected, the period T of the spectral signal in the optical frequency domain was calculated to be 1.49997 THz. According to Equation 6 , the cavity length was calculated to be 100.002 µm, which deviated from the standard value of 0.002 µm, with a relative error of approximately 0.002%. When using the first and last zero-points A 0 and A 2 , to calculate the cavity length, two full periods can be covered; the calculated cavity length was 100.001 µm, which deviated from the standard value of 0.001 µm. Evidently, when N periods can be covered, the cavity length's calculating error can be further reduced about N times. Therefore, in real cavity length interrogation through the zero-cross detection algorithm, it is better to directly position the first and last zero points for the calculation.
The cavity lengths for different noise levels were also determined, as shown in Figure 6 . The simulated interrogation results for the 100 µm FP cavity under different noise levels were also obtained, which are shown in Figure 6 . It can be seen that, when the signal-to-noise ratio (SNR) is 30 dB, the error is approximately 0.001 µm. Even when the SNR reached a level of 10 dB, the error was not larger than 0.043 µm. Thus, the method has a good resistance to noise.
For comparison, the same simulated reflection spectrum was also treated through the peak-to-peak method; as seen in Figure 7a , four peaks can be found. Wavelengths of the four peaks B 0 , B 1 , B 2 , and B 3 were positioned to be 1532.57041 nm, 1544.12235 nm, 1556.41714 nm, and 1568.59718 nm, respectively. When two neighboring peaks, B 0 and B 1 , were selected directly in the wavelength domain, through the conventional cavity length calculating formula L = λ 0 λ 1 /2(λ 1 − λ 0 ), the interrogation yielded a length of 100.243 µm, which deviated from the predetermined cavity length by 0.243 µm. When the first and last peaks B 0 and B 3 were selected to calculate the cavity length, the result was 100.092 µm, with an error of 0.092 µm. Although in the peak-to-peak method, by the consideration of multiple peaks, the cavity length error can be effectively reduced, in comparison, the result given by the zero-cross detection was much better. The local enlargement of the spectrum near point B 0 is shown in Figure 7b . Clearly, the spectral power densities of the points near the peak were very close, and the real peak position in this situation is difficult to locate. On the contrary, near the zero points, the data have the largest slopes, which can be determined with high precision; that is why the new proposed zero-cross detection algorithm yields much better interrogation resolution. For comparison, the same simulated reflection spectrum was also treated through the peak-topeak method; as seen in Figure 7a , four peaks can be found. Wavelengths of the four peaks B0, B1, B2, and B3 were positioned to be 1532.57041 nm, 1544.12235 nm, 1556.41714 nm, and 1568.59718 nm, respectively. When two neighboring peaks, B0 and B1, were selected directly in the wavelength domain, through the conventional cavity length calculating formula
interrogation yielded a length of 100.243 μm, which deviated from the predetermined cavity length by 0.243 μm. When the first and last peaks B0 and B3 were selected to calculate the cavity length, the result was 100.092 μm, with an error of 0.092 μm. Although in the peak-to-peak method, by the consideration of multiple peaks, the cavity length error can be effectively reduced, in comparison, the result given by the zero-cross detection was much better. The local enlargement of the spectrum near point B0 is shown in Figure 7b . Clearly, the spectral power densities of the points near the peak were very close, and the real peak position in this situation is difficult to locate. On the contrary, near the zero points, the data have the largest slopes, which can be determined with high precision; that is why the new proposed zero-cross detection algorithm yields much better interrogation resolution. Figure 7 . (a) Calculation of the cavity length using two neighboring apexes based on the peak-to-peak method; (b) enlarged view of the reflection spectrum at the wavelength position of one peak. B0, B1, B2, and B3 are four reflection peaks.
In Figure 8 , we also give out the simulation results for 10 different FP cavity lengths in a range 100-1000 μm under the same SNR level of 20 dB. Both the calculated cavity lengths and their errors are demonstrated. In the calculation, the first and last zero points in ascending segments were used. It was found that the results all fitted the predetermined values well; the worst cavity length errors were less than 0.003 μm. For comparison, the cavity length calculating errors by the peak-to-peak method were also given. Evidently, the zero-cross detection algorithm has a better resolution in the full range. In Figure 8 , we also give out the simulation results for 10 different FP cavity lengths in a range 100-1000 µm under the same SNR level of 20 dB. Both the calculated cavity lengths and their errors are demonstrated. In the calculation, the first and last zero points in ascending segments were used. It was found that the results all fitted the predetermined values well; the worst cavity length errors were less than 0.003 µm. For comparison, the cavity length calculating errors by the peak-to-peak method were also given. Evidently, the zero-cross detection algorithm has a better resolution in the full range.
100-1000 μm under the same SNR level of 20 dB. Both the calculated cavity lengths and their errors are demonstrated. In the calculation, the first and last zero points in ascending segments were used. It was found that the results all fitted the predetermined values well; the worst cavity length errors were less than 0.003 μm. For comparison, the cavity length calculating errors by the peak-to-peak method were also given. Evidently, the zero-cross detection algorithm has a better resolution in the full range. 
Experimental Verification
To investigate the performance of the zero-cross detection algorithm for cavity-length interrogation, an experimental interrogation system composed of an ASE source, an optical circulator, an OSA, and a computer was constructed. A schematic diagram of the system is shown in Figure 9 . Several air-gap fiber-optic FP sensors with different cavity lengths were fabricated and connected to the interrogation system for cavity extraction. One of the fabricated air-gap fiber-optic FP sensors is shown in Figure 10 . The ASE source emitted a broadband light with a center wavelength of 1550 nm, and a 3-dB spectral bandwidth of 46 nm. The light was coupled to the fiber-optic FP sensor through the optical circulator. The reflected light was returned back to the circulator again 
To investigate the performance of the zero-cross detection algorithm for cavity-length interrogation, an experimental interrogation system composed of an ASE source, an optical circulator, an OSA, and a computer was constructed. A schematic diagram of the system is shown in Figure 9 . Several air-gap fiber-optic FP sensors with different cavity lengths were fabricated and connected to the interrogation system for cavity extraction. One of the fabricated air-gap fiber-optic FP sensors is shown in Figure 10 . The ASE source emitted a broadband light with a center wavelength of 1550 nm, and a 3-dB spectral bandwidth of 46 nm. The light was coupled to the fiber-optic FP sensor through the optical circulator. The reflected light was returned back to the circulator again and finally received by the OSA to yield the reflection spectrum in the optical wavelength domain. Finally, the reflection spectrum was sent to the computer to interrogate the cavity length of the fiber-optic FP sensor through a program written according to the proposed zero-cross algorithm.
Sensors 2019, 19, 3868 10 of 14 and finally received by the OSA to yield the reflection spectrum in the optical wavelength domain. Finally, the reflection spectrum was sent to the computer to interrogate the cavity length of the fiberoptic FP sensor through a program written according to the proposed zero-cross algorithm. The reflection spectrum for a cavity length of 999.482 µm is shown in Figure 11 , which has multiple peaks in the spectrum.
The reflection spectrum was first filtered by raised-cosine filtering; then, the zero-cross points were found, as shown in Figure 12 , in which the local enlargement of the first and last zero-cross points in ascending segments are given. The reflection spectrum for a cavity length of 999.482 μm is shown in Figure 11 , which has multiple peaks in the spectrum. The reflection spectrum for a cavity length of 999.482 μm is shown in Figure 11 , which has multiple peaks in the spectrum. The reflection spectrum was first filtered by raised-cosine filtering; then, the zero-cross points were found, as shown in Figure 12 , in which the local enlargement of the first and last zero-cross points in ascending segments are given. From the two zero points E and F, which had frequencies of 191.1601443 THz and 195.9625251 THz, respectively, the period of the reflection signal in the optical frequency domain can be calculated to be 0.1500744 THz. Then, the cavity length was calculated as 999.504 μm, which deviated from the standard cavity length of 999.482 μm by 0.022 μm. From the two zero points E and F, which had frequencies of 191.1601443 THz and 195.9625251 THz, respectively, the period of the reflection signal in the optical frequency domain can be calculated to be 0.1500744 THz. Then, the cavity length was calculated as 999.504 µm, which deviated from the standard cavity length of 999.482 µm by 0.022 µm.
By using the same method, 16 other fiber-optic FP sensors with different standard cavity lengths ranging from 150 µm to 1000 µm were also interrogated; the results and errors are listed in Table 1 . Compared with the simulation results, all of the cavity lengths' interrogating errors got relatively larger; many increased 10 times, which may have been caused by the drift of the source spectrum, environment vibrations, or circuit noises. In the table, the results and errors for the peak-to-peak method are also given. It was found that the largest error for the zero-cross detection method was 0.083 µm, which is far less than the largest error, 0.874 µm, of the peak-to-peak method. Table 1 . Interrogation results and errors for fiber-optic FP sensors with different cavity lengths. Both results obtained by the zero-cross detection algorithm and the peak-to-peak method are given for comparison. The column ZC Sim gives the cavity lengths given by zero-cross simulation; ZC Exp and P2P Exp, respectively, give the cavity lengths acquired from the experimental spectra; the columns Error ZCs, Error ZCe, and Error P2Pe are the corresponding cavity lengths interrogating the errors. The standard cavity lengths were given by the cross-correlation method [19, 20] . A white-light cross-correlation measurement system was built by the using of a wide band superluminescent diode (SLD) (3-dB bandwidth of 90 nm) as the light source, and a high resolution OSA with a wavelength resolution of 30 pm to get the reflection spectrum. Based on the reflection spectrum, and using the cross-correlation method to extract the cavity length, sub-nanometer-level resolution can be acquired.
Standard
The relation between the standard cavity length and the zero-cross detection is shown in Figure 13 , with a correlation coefficient of 0.99994. From the experiment, it can be concluded that the zero-cross detection algorithm can be used for the cavity-length interrogation of fiber-optic FP sensors, and the interrogation resolution is far better than that of the peak-to-peak method.
In real applications, we always have a concern about the computational requirements. Compared with the peak-to-peak method, only two more significant steps were needed: one is the DC filtering and one is the zero interpolation. Whether it is the peak-to-peak method, or zero-cross detection method, the calculation toll is not too high; the zero-cross detection method only increases a limited number of calculations. Actually, the bottleneck on the interrogation rate is the frame rate of the CCD used in the OSA. Most OSAs can only work below 1 kHz. For the high-speed OSA module made by Ibsen Photonics, working with a frame rate of about 20 kHz, when using FPGA or DSP as the processing chip, both the peak-to-peak method and the zero-cross detection method can fulfill their work in time.
The standard cavity lengths were given by the cross-correlation method [19, 20] . A white-light cross-correlation measurement system was built by the using of a wide band superluminescent diode (SLD) (3-dB bandwidth of 90 nm) as the light source, and a high resolution OSA with a wavelength resolution of 30 pm to get the reflection spectrum. Based on the reflection spectrum, and using the cross-correlation method to extract the cavity length, sub-nanometer-level resolution can be acquired.
The relation between the standard cavity length and the zero-cross detection is shown in Figure  13 , with a correlation coefficient of 0.99994. From the experiment, it can be concluded that the zerocross detection algorithm can be used for the cavity-length interrogation of fiber-optic FP sensors, and the interrogation resolution is far better than that of the peak-to-peak method. In real applications, we always have a concern about the computational requirements. Compared with the peak-to-peak method, only two more significant steps were needed: one is the DC filtering and one is the zero interpolation. Whether it is the peak-to-peak method, or zero-cross Figure 13 . Cavity length interrogation results for fiber-optic FP sensors with different cavity lengths in the range of 150-1000 µm.
Conclusions
Based on the basic characteristics of the reflection spectrum of fiber-optic FP sensors in the optical frequency domain, a zero-cross detection algorithm was proposed and investigated for cavity-length interrogation. For the large slope of the signal near the zero point, the period of the interference signal in the frequency domain can be determined with high precision; as a result, the cavity-length interrogation resolution can be greatly improved compared with the conventional peak-to-peak method. Simulations showed that for a fiber-optic FP sensor with a cavity length in the range of 100 to 1000 µm, the largest cavity length error was less than 0.003 µm. Interrogation experiments for different cavity lengths in the range of 150 to 1000 µm showed the worst error of 0.083 µm, which is much better than the results of the peak-to-peak method. With the proposed method, the cavity length of the fiber-optic FP sensor could be obtained with high resolution in a relatively direct way, which can be applied to various fiber-optic FP sensing systems. 
